Abstract-Cosmic plasma physics and our concept of the universe is in a state of rapid revision. This change started with in-situ measurements of plasmas in Earth's ionosphere, cometary atmospheres, and planetary magnetospheres; the translation of knowledge from laboratory experiments to astrophysical phenomena; discoveries of helical and filamentary plasma structures in the Galaxy and double radio sources; and the particle simulation of plasmas not accessible to in-situ measurement. Because of these, Birkeland (field-aligned) currents, double layers, and magnetic-field-aligned electric fields are now known to be far more important to the evolution of space plasma, including the acceleration of charged particles to high energies, than previously thought. This paper and its sequel investigate the observational evidence for a plasma universe threaded by Birkeland currents or filaments. This model of the universe was inspired by the advent of threedimensional fully electromagnetic particle simulations and their application to the study of laboratory z pinches. This study resulted in totally unexpected phenomena in the data post-processed from the simulation particle, field, and history dumps. In particular, when the simulation parameters were scaled to galactic dimensions, the interaction between pinched filaments led to synchrotron radiation whose emission properties were found to share the following characteristics with double radio galaxies and quasars: power magnitude, isophotal morphology, spectra, brightness along source, polarization, and jets. The evolution of these pinched synchrotron emitting plasmas to elliptical, peculiar, and spiral galaxies by continuing the simulation run is addressed in a sequel paper.
I. INTRODUCTION COSMIC PLASMA physics is at present in a state of revision which is so rapid that it is appropriate to speak of a change in paradigm [1]- [3] . This change started a decade ago and is precipitated by the following. a) In situ measurements of the properties of plasma in the magnetospheres, including the solar magnetosphere. Active space experiments are beginning to make significant contributions.
b) Laboratory investigations of plasmas with dimensions ranging from micrometers to centimeters have provided an increased understanding of how to transfer knowledge from one plasma region to another and from one size to another. c) Recent discoveries including the observation of helical and filamentary structures in the galactic center and extragalactic radio sources.
d) Multidimensional particle-in-cell simulations. The solution to problems with complex geometry, intense self- . They may also exist elsewhere and accelerate particles to even higher energies.
2) The necessity of a global electric current description to describe the transfer of energy in magnetized cosmic plasmas. This leads to the necessity of drawing the circuits in which the current flows [8] , [9] . (This approach also emphasizes the discrete particle description in simulating cosmic phenomena, where particle currents may be explicitly followed.) 3) In the magnetospheres, plasmas exist in both active and passive states; this is probably true for all cosmic plasmas. 4) Cosmic plasmas often are not homogeneous, but rather exhibit filamentary structures which are likely to be associated with currents parallel to the magnetic field.
5) In the magnetospheres there are thin stable current layers which separate regions of different magnetization, density, and temperature. Similar phenomena must also exist in more distant regions. 6) In the case where a current flows in a partially ionized plasma, a chemical separation may take place. Due to this and other effects, space plasmas have a general tendency to be separated into regions of different chemical composition.
The necessity of employing plasma physics to account for the observed electromagnetic radiation from cosmic sources has been pursued by a number of authors. In particular, Sturrock [10] and Sturrock and Barnes [11] proposed a magnetized plasma radiogalaxy model in which the tearing modes in current-conducting sheets play an important role in the radiation and morphologies observed. Alfve'n postulates the existence of two neighboring double layers of radio lobe dimensions in a heliospheric pinched-current model involving the central elliptical galaxy [12] . The importance of pinched plasma 0093-3813/86/1200-0639$01.00 © 1986 IEEE currents, beam instabilities, and filamentation to radiogalaxy processes has been pursued further by Peratt and Green [13] , Browne [14] , and also by Lerner [15] , who points out the close similarities between measured radiation spectra from cosmic sources and that of the dense plasma focus and other pulsed power laboratory devices. Bostick's theory of radio sources is based on his dense plasma focus investigations [16] .
This paper investigates the filamentary electric-current aspect of cosmic plasma. Section II describes the basic model: interactions among galactic-dimensioned fieldaligned current filaments. Section III describes the analysis of the model with three-dimensional electromagnetic particle-in-cell simulations. The Biot-Savart force law for filaments is discussed in Section IV, while synchrotron radiation from pinched filaments is given in Section V. Sections VI and VII cover double radio sources, quasars, and magnetically confined sheet electron beams (jets). The author's conclusions are given in Section VIII. The evolution of cosmic plasma beyond the time frame investigated in this manuscript is presented in a sequel paper (denoted Paper II).
The only assumption made in the analysis in this paper-if it should be called an assumption-is that the basic properties of plasmas are the same everywhere, from submillimeter dimensions to the Hubble distance (1028 cm) [1-3,[8], [9] .
II. BASIC MODEL: GALACTIC-DIMENSIONED BIRKELAND FILAMENTS An electromotive force V = Xv x B * ds giving rise to electrical currents in conducting media is produced wherever a relative perpendicular motion of plasma and magnetic-field lines exist [8] , [17] [18] [19] . An example of this is the (nightside) sunward-directed magnetospheric plasma that cuts the earth's dipole field lines in the equatorial plane, thereby producing a potential supply that drives currents within the auroral circuit. The tendency for charged particles to follow magnetic lines of force and therefore produce field-aligned currents has resulted in the widespread use of the term "Birkeland currents" in space plasma physics [20] , [21] . Their 
A. Birkeland Currents in Laboratory Plasma
In the laboratory, filamentary structure is a common morphology exhibited by energetic plasmas. X-ray pinhole photographs, optical streak and framing camera photographs, and laser holograms often show a filamentary magnetic "rope-like" structure from plasmas produced in multiterawatt pulse power generators or in dense plasma focus machines. High-resolution etchings of electron beams onto witness plates show nearly identical vortex profiles ranging from a dimension of a few micrometers in the dense plasma focus, to a few centimeters in cathode electron beams [23]- [26] . This size variation of four orders of magnitude is extended to nearly nine orders of magnitude when auroral vortex recordings are directly compared to the laboratory data [27] . With regard to actual current magnitudes, fine-detail resolution of current filaments shows indistinguishable vortex patterns over nearly 12 orders of magnitude while coarser resolution shows that the phenomena probably transcend at least 14 orders of magnitude, from microampere to multimegaampere electron beams.
B. Birkeland Currents in Cosmic Plasma
As far as we know, most cosmic low-density plasmas also depict a filamentary structure. For example, filamentary structures are found in the following cosmic plasmas, all of which are observed to be associated with or are likely to be associated with electric currents. 1) In the aurora, filaments parallel to the magnetic field are very often observed. These can sometimes have dimensions down to about 100 m.
2) Inverted V events and the in-situ measurements of strong electric fields in the magnetosphere (105) (106) [28] . 6) In the interstellar medium and in interstellar clouds there is an abundance of filamentary structures, e.g., the Veil nebula, the Lagoon nebula, the Orion nebula (Fig.  1) , the Crab nebula, etc.
7) The center of the Galaxy, where twisting plasma filaments, apparently held together by a magnetic field possessing both azimuthal and poloidal components, extend for nearly 500 light years (5 x 1018 m) [29] .
8) Within the radio bright lobes of double radio galaxies, where filamental lengths may exceed 20 kpc (6 x 1020 m) [30] . [31] , [32] , including the "unfreezing" of magnetic fields, the acceleration of electrons to very high energies, and the filamentation of the plasma itself.
In magnetized nonhomogeneous astrophysical plasma, a number of mechanisms are present that can generate field-aligned electric fields. These include anomolous resistivity caused by wave-particle interactions, collisionless thermoelectric effect due to energy-dependent waveparticle interactions, magnetic mirror effects involving trapped particles and magnetic-field gradients, and electric double layers due to localized charge separation. While all of the above mechanisms have been studied in the laboratory and simulated by computer, it is the last mechanism that has been found to be remarkably prolific in producing appreciable potential drops in neutral plasma. Moreover, Birkeland currents and double layers appear to be associated phenomena, and both laboratory experiments [33] and computer simulations [34] have shown the formation of a series of double layers along current-carrying plasma columns or filaments. Fig. 2 illustrates the geometry at hand. When double layers (or a series of double layers) form in adjacent Birkeland current filaments, field-aligned electric fields are generated, which then serve to accelerate electrons within these regions. 
D. Interacting Birkeland Currents Model
It is the purpose of this paper to extend the study of cosmic plasma to the case of galactic-dimensioned (50 kpc in width) Birkeland filaments by means of three-dimensional, fully electromagnetic, and relativistic particle-incell simulations. Fig. 1 is a contrast-enhanced photograph of the Orion nebula but serves the purpose of representing the morphology to be expected by an observer situated within a much larger filamentary metagalactic structure.
The simulation model consists of modeling a magneticfield-aligned neutral plasma filament (column) in the presence of a field-aligned electric field. (Strictly speaking, because of the parallel electric field, the portion of the filament simulated is a double layer [35] .) To study the evolution of interacting filaments, a second filament (nearly identical to the first) is placed adjacent as depicted in Fig. 3 (3) where ne = ni is the neutral plasma density, Tis the plasma temperature, k is Boltzmann's constant, Ito is the permeability of free space,and the subscripts e and i denote electron and ion particle species, respectively. The parameter dt is the simulation time step, A is the cell size, and c is the speed of light.
We choose a plasma temperature typical for cosmic Birkeland filaments, a few kiloelectronvolts [31] SPLASH has been benchmarked against the m = 1 helical instability in magnetized z pinches [37] , interacting plasmoids [38] , microampere to submegaampere cylindrical charged particle beams [26] , thin-sheet beam propagation experiments [39] , auroral magnetic storms [39] , and barium piasma experiments in the magnetosphere [40] .
IV. BIOT-SAVART FORCES BETWEEN FILAMENTS
Because of the EMF-induced current LI, a galactic filament can be expected to retain its columnar filamental form provided the Bennett-pinch condition is satisfied, i.e., that I ' > 87rNkT/pto (4) where N is the electron density per unit length [41 ] .
In addition to confining plasma in filaments radially, the axial current flow produces another important effect; a long-range interactive force on other galactic filaments [2], [13] , [38] . The Biot-Savart electromagnetic force between filaments is F21 = jI2 X B21d3r (5) for all space, where j x B is the Lorentz force. If the current path greatly exceeds the filament widths, the attractive force between two similarly oriented filaments is approximately given by F21(IzI, Iz2) = -r 11o Iz I IZ2 27rR12 (6) where the subscripts 1 and 2 denote columns 1 and 2, respectively, and R12 is their separation. Because of the axial magnetic field Bz, the particles spiral as they drift or accelerate and thereby produce an azimuthal component (11) is the magnetic field in dt time steps (for B = B).
V. SYNCHROTRON RADIATION FROM BENNETT-PINCHED FILAMENTS
A. The Application of the Synchrotron Mechanism to Cosmic Plasma One of the most important processes that limit the energies attainable in particle accelerators is the radiative loss by electrons accelerated by the magnetic field of a betatron or synchrotron. This mechanism was first brought to the attention of astronomers by Alfven and Herlofson [42] ; a remarkable suggestion at a time when plasma, magnetic fields, and laboratory physics were thought to have little, if anything, to do with a cosmos filled with "island" universes (galaxies). While the Alfven-Herlofson proposal was cast in terms familiar to astronomy, it is clear that the suggestion pertained to radiative emission of relativistic electrons in the trapping field of the interstellar magnetic field, or in an intergalactic magnetic field.
Synchrotron radiation is characterized by a generation of frequencies appreciably higher than the cyclotron frequency of the electrons, a continuous spectra (for a population of electrons) whose intensity decreases w/ith frequency beyond a critical frequency (near-intensity maxima), increasing beam directivity with increasing Py (Y= ( -B2) 1/2), and strongly polarized electromagnetic wave vectors. Many excellent reviews of synchrotron radiation in laboratory and astrophysical sources are to be found in the literature [43] [44] [45] [46] [47] [48] [49] [50] .
The recognition that this mechanism of radiation is important in astronomical sources has been one of the most fruitful developments in astrophysics. For example, it has made possible the inference that high-energy particles exist in many types of astronomical objects; it has given additional evidence for the existence of extensive magnetic fields; and it has indicated that enormous amounts of energy may indeed be generated, stored, and released in cosmic plasma.
B. Experimental Studies of Synchrotron-Emitting Bennett Pinches
Charged particle beams held together or pinched by their self-magnetic fields have been of general interest since their earliest investigation by Bennett [41] . The macroscopic picture of such a beam is that of a self-consistent magnetic confinement or compression against the expansion due to thermal pressure (4). On the microscopic scale, the individual particle orbits include radial oscillations due to the Lorentz force superimposed on the drift in the direction of mean flow. These are the betatron oscillations. Since they imply particle acceleration, there is electromagnetic radiation associated with them. Because the force is a v x B force, the radiation from the relativistic electrons is synchrotron radiation.
Manifestations of the pinch effect appear for a laboratory observer as a rapidly occurring phenomenon. A burst of radiation from high-current discharges (with current densities of the order 1011 A/cm2), such as low-inductance vacuum sparks, plasma focus devices, and exploded wires is found over a broad spectral range: from the microwave region to the hard X-ray region [51] [52] [53] [54] . Recorded data show that the radiation bursts are correlated with dips in the current waveform, i.e., interruptions in the current flow. Analysis of the directional patterns of the millimeter radiations shows that the microwave radiation is synchrotron radiation of electrons in the magnetic field of the proper current. The hard X-ray quanta are attributed to synchrotron radiation from the electrons at the transitions between Landau levels in this same currentinduced magnetic field [55] .
The total synchrotron power radiated incoherently from a Maxwellian distribution of electron velocities, over all frequencies, is given by [56] Psynl = {3mc3 B2ne2 ergs/cm3. (12) Similar expressions applicable for the determination of the average power radiated per unit length for relativistic Bennett pinches have been given by Meierovich [55] and Newberger [57] , [58] .
An enhancement of radiated power, given by (12) , is achieved when the sum of the v x B radial forces seen by the relativistic electrons (5) is increased, as is the case when the azimuthal magnetic fields of neighboring pinches are present. While no theoretical treatment of synchrotron enhancement from beam interactions is known, this phenomenon has been examined in some detail, both experimentally and with simulations. Fig. 4 (a) illustrates the radiation yield versus the number of columnar Bennett-pinched plasnra filaments. The experimental data (solid dots) pertain to 30-mm-long 15-It-diameter metallic wires strung between the cathode and anode of a terawatt pulse-power generator [25] . In all cases, the delivered pulse is approximately 50 ns long, while the radiation burst duration is approximately 5 ns long. As illustrated, an X-ray energy enhancement of 6 is obtained when two filaments interact and enhancement factors -12-30 are recorded when up to 12 filaments symmetrically arrayed about a common center interact. Laser shadowgraphy diagnostics have shown the following sequence of events leading to broad-band electromagnetic radiation in pulsed power. Before the current reaches a value sufficient to fully establish the Bennett pinch (4) in the conducting filaments, plasma flows off the filaments towards the geometrical center along a path defined by the magnetic separatrix (see Section VII). The subsequent collision (interaction) of the inflowing plasma is photographically recorded in the emission of X rays by means of pinhole cameras using X-ray film plates. The photographs show the topology of the emitting plasma configuration during the 5-ns burst, as-well-as the absorption profiles of the filamental pinches in between the camera and the emitting plasma, and the radiation "lit" surfaces of the filamental pinches behind the emission region. (6) , a burst in the radiation occurs (Fig. 5) . For the parameters used in these simulations, this distance is of the order of several ' The author thanks a referee for pointing out that the arbitrary energy unit is not quite arbitrary, but corresponds to the total initial particle thermal energy.
Yield, arbitrary pinch radii. As shown in Fig. 5 , the radiation from the kiloelectronvolt particles is polarized in the transverse plane and the synchrotron enhancement (burst) is detected in the x and y electric radiation energies (WER, WERY) and the z magnetic radiation energy (WBRZ). The burst lasts until the induced axial magnetostatic energy WBZ, due to the azimuthal current 0O4, is depleted (because the counterparallel azimuthal current force (7) brakes the azimuthal electron flow in both filaments). For some simulational parameters, WBZ can build up and discharge again in the form of additional bursts of synchrotron radiation. The long-time slowly varying increase in radiation in WERx and WERY is due to the buildup of electrostatic energy from charge separation in the particle number and size constrained simulation model.
VI. DOUBLE RADIO SOURCES
The existence of double radio galaxies presents a major challenge to cosmological theories. The discovery of discrete radio sources dates back to the pioneering survey of Reber (1944) , who found two areas of enhanced intensity in Cygnus and Cassiopeia [59] [60] [61] [62] . Cygnus A, the brightest radio source in the constellation Cygnus, has proved to be the "prototype" of double radio galaxies, and models of double radio galaxies are usually based on the characteristics of this source. Many excellent reviews on the properties of double radio sources observed from the 1960's on are available in the literature [63] [64] [65] [66] , as are a number of models of sources. However, regardless of whatever ingredients are postulated as necessary in models used to "explain" their existence, what is observed from any radio source is synchrotron radiation, which requires only the presence of relativistic electrons in a magnetic field.2 A. Requirements of the Model Any plausible theory on double radio galaxies should be expected to explain the following: a) the origin and source of energy of double radio galaxies; b) the total magnitude of the radio flux observed; c) the measured flux density as a function of frequency; d) the observed isophotal morphologies; e) the spatially varying power law within a source; f) the polarization properties of the incoherent synchrotron radiation measured; and g) the lifetime and evolution of a source.
2In addition to the model described in this paper, there are at least two other related plasma models of double radio galaxies. Alfven proposes a circuit on the galactic scale where the current is driven by the dynamo action of a rotating galaxy. Inside the galaxy, the current flows in the plane of symmetry; outside, it follows back to the plane of symmetry. Alfv6n suggests that double layers may occur in the axial parts of the circuit on either side of the central galaxy, leading to double radio lobe emission regions. Bostick proposes a model where electromagnetically attracting plasmas join to make a bar which is the arrnature of a homopolar generator. Two plasma foci at the center of the armature shoot jets of plasma perpendicular to the galactic plane, each of which terminates in a radio lobe.
Additionally, in d) it is also necessary to explain the radiation "hot spots" in classical radio doubles; their diametric displacement off an imaginary axis running from giant radio lobe to giant radio lobe through an elliptically shaped center; the relationship between "bridges" and so-called jets connecting the elliptical center with the lobes; the one-sidedness of jets in quasars and powerful sources; multiknotted features in hot spots, bridges, and jets; the apparent superluminosity of some sources; and the problem of a nearly uniformly fading of some jets, thousands of light years in extent, in a few decades.
B. Scaling Simulations to Galactic Dimensions
The scaling of plasma physics on cosmical and laboratory scales generally involves estimates of the diffusion in plasma, inertia forces acting on the currents, the Coriolis force, the gravitational force, the centrifugal force, and the j x B electromagnetic force [67] , [68] . The simulations reported in this paper are scaled to Cygnus A using the latter force law via (9) .
Cygnus A consists primarily of two radio lobes of dimension 1 _ w = 1021 m (35 kpc) separated on either side of an elliptical galaxy by a distance a _ 1.22 x 1021 m [43] [44] [45] [46] , [63] [64] [65] [66] , [69] [70] [71] [72] . Typically, estimates of the relative velocities between cosmic plasmas range from hundreds of kilometers per second to 1000-8000 km/ s (for interactions between components of peculiar galaxies [73] ). Random velocities characteristic of the velocity dispersion of galaxies in highly condensed clusters are of the order 2000 km/s [74] , [75] . Assuming a total plasma mass for the radio lobes of Cygnus A of the order of that observed in galaxies, M _ 1041 kg (while noting that all mass estimates are model dependent), and setting the velocity of attraction between filaments to 1000 km/ s, yields Iz _ 2.15 x 1019 A and Bo = ioIz/w = 2.5 x 10-8 T (2.5 x 10-4 G). (The quantities I, and Bo are physically nonsensitive to the actual mass distribution, depending only on the square root of the mass per unit length; a slower velocity of 1000 km/s is chosen since this velocity increases with increasing current as the source develops in time.)
To convert simulation results to dimensional form, it is sufficient to fix the value of one physical quantity, e.g., Bo. Since we are scaling to the strong radio source Cygnus A, the value of Bo is applied at time step 90, the peak synchrotron burst energy. (Table I) . Additionally, from the simulation parameter EZo/Bzo = 0.Olc, the acceleration field within a filament is Ezo = 63.4 mV/m. should be traversed in 1(16/1836) x 2192dt' = 205dt'. The measured simulation traversal time is somewhat longer, -300dt', because of the presence of repulsive forces in the full simulation model (7) that are not included in (10).
C. Formation of Hot Spots in Interacting Filaments
When the attraction between adjacent Bennett-pinched Birkeland filaments reduces their mutual separation to a few filamental radii, the r-4 repulsion (7) produces a redistribution of the synchrotron-emitting relativistic electron currents within the filaments. The result of this repulsion is an "edge-brightening" (an increased current density in the form of rings at the outer edges of the filaments) as well as a diametrical displacement of current density, caused by the tendency of Birkeland currents to twist about each other at late time (Paper II). This process is depicted in Fig. 6 , that shows contours of the magnetic field energy at the midway cross section of the two filaments. Additionally, this figure graphically illustrates the tendency towards further filamentation as the current tubes are flattened into sheet beams. The cross-sectional regions of dense synchrotron-emitting electron currents are called "hot spots" in analogy to their double radio galaxy counterparts (see Section VI-D).
D. Radiated Power and Isophotal Morphologies of Strong Sources
An estimate of the total power emitted as synchrotron radiation follows directly from the results of Section V. During the radiation "burst era" at T = 90, the total energy radiated in the form of electric and magnetic field (Table I ). The synchrotron power derived above is also available from (12 i.e., about a factor of 6 less than 1.16 x 1037 W resulting from the filament interaction (cf. Fig. 5) . Fig. 7 compares the induced magnetic energy isophotes of the synchrotron-emitting simulation currents to the synchrotron isophotes measured for Cygnus A at a frequency of 150 MHz [72] . or E, 6 .9 V/m, using the parameters of Section VI-B.
The fully electromagnetic simulation allows the calculation of the induction field from (15) for the more complex magnetic fields B = B(r, 0), and these are shown in Fig. 8 . Fig. 8(a) shows the magnetic energy densities B82 while Fig. 8(b) shows the corresponding electric induction field energy densities E2. The induction field grows from a value E2 _ 0.7 at T = 104 to E = 1.3 at T = 300. In dimensionless simulation units, E is mc2/p E = WE E (17) where XE = c/wp is the electromagnetic "skin-depth" parameter and W, = 511 keV is the rest mass energy of the electron. In MKS units, the induction electric field corresponding to IE = 1 is 3.96 V/m, so that the peak fields E,, at T = 104 and 300 are 3.31 V/m and 4.52 V/m, respectively.
F. Temporal Development of Double Radio Sources
During the time that the electromotive force driving the Birkeland currents exists, both axial currents and concom- itant azimuthal magnetic fields increase, producing the distribution of magnetic-field energy shown above ( Fig.  8(a) ). As previously seen in Fig. 6 (T -1-20) , the longer time sequence in Fig. 8 (T 100-300) also shows the tendency toward a rotational displacement in source morphology, from the strong source at T = 90 (peak burst) to the weaker source at T = 300. A suggested sequence in rotational symmetry as a property of double radio sources has, in fact, been noted and is reproduced in Fig.   9 .
The approximate age of a double radio galaxy can be determined from its isophotal contour profile at a given wavelength; the isophotes of strong classical double (early) radio galaxies are largely determined by the magnetic energy density of the interacting Birkeland fila- ments, while (later time) double radio galaxies project more complicated patterns resulting from the induction acceleration of plasma confined between the magnetic isobars. Fig. 10 illustrates this situation by comparing the synchrotron isophotes to the induction electric-field energy patterns for the sources 3C434. 1, Fomax A (NGC 1315), and the weaker later time source 3C192 [76] . 
VII. THE FORMATION OF ELLIPTICAL QUASARS AND MAGNETICALLY CONFINED SHEET ELECTRON BEAMS (JETS) A. The Compression of Intergalactic Plasma by Converging Magnetic Mirrors
As the axial currents and concomitant azimuthal magnetic fields about each filament increase, a magnetic isobaric configuration, shown as a function of time in Fig.  11 , is produced. The effect of the "colliding" magnetic fields is to produce an isobaric sump With elliptical cross section at the separatrix between parallel currents [77] . At T = 90, the field strength squared in the vicinity of the sump (approximately midway up on the last frame in At later time, the converging magnetic-field lines continue to compress intergalactic plasma into two narrow channels formed on either side of the elliptical sump. Fig.  12 shows the isobaric contours and isometric veiw at T = 255. At this time, a channel exists on the right-hand side of Fig. 12(b) , subtended by a 3.8 x 10-1 -Pa (0.98 x 10-8 T) isobar that also encloses the sump. The length of the channel is approximately 9A' = 1.5 x 1021 m (49.8 kpc) while the width varies from about 0.5A' to 2.OA' (2.8-11 kpc).
The condensation of plasma from the cosmic plasma medium involves two mechanisms: the pinching of plasma within the current-conducting filaments, and the capture and compression of plasma between the filaments. The rate of condensation thus depends on whether the plasma is internal or external to a filament.
Within a filament the convection velocity of plasma radially inward is v = E x BIB2, so that at time T 100, (8990 km/s), i.e., the approximate velocity of isobaric compression in the region of the sump is nine times faster than the Biot-Savart attraction. It is noteworthy that the incoming plasma closely resembles the closing of two giant cymbals (e.g., Fig. 8(a), frame 3) as is often the case for peculiar galaxies such as NGC 5128 and Cyg A, located between giant radio lobes, that possess "dust lanes" at their midsection [78] . The convection velocity decreases with time, having its maximum value vcomp at the onset of plasma convection. The compression velocity increases (as I increases with particle acceleration in a constant E. field) until pressure equilibrium is reached in the sump.
At T -100, the elliptical sump (defined by the bound- Lerner has studied this state in some detail and points out the similarity to pinch regions in the dense plasma focus [15] .)
The phenomena associated with the capture and compression of intergalactic plasma between neighboring Birkeland currents in synchrotron emission can best be seen from the observational evidence itself (Figs. 13 and 14) [79]- [81] . Fig. 13(a) illustrates double sources for which no central "object" of any kind is present, while Fig. 13(b A temporal-spatial history of the electric and magnetic fields within the simulation region is possible from field probes and field-slice plots. Fig. 15 shows the temporal history of the axial induction electric field E, measured at the ordinate position 16A' and along the "major axis" between the geometric centers of the Birkeland currents at abscissa points 10.5A', 12A', 14A', 16A', 18A', 20A', and 21A', respectively (probes 1-7, Fig. 12(b) ). Fig. 16 illustrates the spatial variation of the EJ field component along the abscissa at the ordinate slice position 16A'. The probe and slice data show the following.
1. Variability in Synchrotron Flux: The temporal probe data (Fig. 15) show a time variation dEldt' -0.75ldt' (14.6 ,uV/m per year) with a periodicity -Sdt' (i.e., an expanded time 106 years). The variability is appreciable even over a 30-year period (Section VII-C), i.e., 438 mV/m, or 1016 V over a parsec-dimensioned acceleration length.
2. One-Sidedness in Synchrotron Radiation [82] , [83] : Fig. 16 illustrates both the gross channel morphology and slice plots of the induction fields at selected times of Fig. 15 . As shown, an isobaric channel has started to form on the right-hand side (RHS) of the sump, or core, at time T -193. The channel continues to form and narrow until T -243, when a change in the converging magnetic-field line morphologies ceases to support a channel on the RHS, but rapidly forms a new channel of the lefthand side (LHS). The plasma electrons confined in these channels are responsible for the synchrotron radiation observed. However, synchrotron radiation from the channel plasma is possible only when the polarity of the induction field in the channel is correct. (For example, the electric field must be directed in the -z direction (inward from the plane of the figure) for an outward observation of synchrotron radiation from electrons accelerating in the +z direction.) One-sidedness (field reversal or a large field ratio on either side of the core) was measured by probes 5 and 6 (located within the right-hand channel ) for T -190-290 ( Fig. 15 ; the actual field spatial profiles at selected times are shown in Fig. 16 ). Thus at time T = 255 ( Fig. 12(b) ), the field component in the left-hand channel is directed along +z, while the strong-field component in the more well-defined right-hand channel is directed along -z. Thus this source projects a channel or "jet-like" radiation pattern in the +z direction that is connected to a strong core (P oc El). This is also the direction in which the synchrotron radiation from the electron Birkeland currents making up the outer radio lobes is beamed.
3. Electric and Magnetic Field Configuration: During the synchrotron burst era 25 c T c 140 the plasma being collected within the core and channels is tenuous. The induction field is positive on both sides of the core but, at times, the left and right components can differ appreciably in magnitude by a ratio as high as 5: 1. This era also corresponds to a weak core field and magnetic fields that are largely transverse to the major axis. A transition from transverse to parallel magnetic fields is observed at about T = 190. As shown in Fig. 16 , the B11 channels become increasingly "collimated" for T > 200 and are accompanied by an increasing core field when 250 < T < 360 (Fig. 15, probe 4) . (Fig. 12) . The ordinate is given in simulation units. Calibration: 1 unit/div (probe 5, 2 units/div). Zero field, first line, probes 1, 2, and 4; second line, probes 3, 5, 6, 7. Run TD6.
The total intensity along a source observed at radio and microwave wavelengths must be determined by the square of the induction field within the source. Fig. 17 depicts the total intensity distribution of the radio galaxy 3C326 on a crosscut along its major axis at 49 cm. The intensity profile recorded corresponds approximately to that measured in the simulation at T -206 in Fig. 16 (cf. [84] ). Knowledge of the field strengths and plasma density allows a quantitative analysis of the brightness of plasma within the channels, and can be directly compared to data [85] , [86] . These comparisons are not made in this paper. 4. Polarization: Plots of the angular distribution of radiation from mildly relativistic electrons, 1-200 keV, are given by Oster [87] . For frequencies above the second electron cyclotron harmonic, the radiation pattern of each filament is largely polarized in the x-y plane (cf. Figs. 5  and 18 ).
5. Superluminosity: The rapid spatial variation of the induction field, as well as the changing of the field polarity along the channel, causes an apparent "superluminosity" effect as the field sweeps the channel confined plasma. Superluminosities are often associated with radio sources [88] and apparent "superluminosities" as high as seven times the speed of light have been measured in the simulation. (The decrease in the induction field strength because of a reduction in the rate of change of the magnetic field along the channel does not require a high degree of alignment of the source with the observer. Moreover, while 7c is the highest phase velocity seen in the simulations, there is no reason why phase velocities cannot be appreciably higher than this value.) The electro- magnetic wave effect for illumination as a source of "superluminosity" was first suggested by Kellerman [89] . Isophotal contour maps and major-axis profile data measured from quasars can be directly compared to the simulation data in Fig. 16 [901. The ignition of previously confined plasma is also demonstrated by nonradial appearances of the isobaric profiles taken on by the plasma [91] . These profiles are not seen in side-on observations of charged particle beams, but are observable when a sheet beam is viewed end-on.
C. Simulating the Induction Accelerated Sheet Beam
For the purpose of resolving the plasma magnetically confined within the 5 x 50-kpc channel, a simulation with a temporal/spatial resolution increased approximately two and one-half times is used. The channel length and width are 24A" and 5A", respectively, where A" = 6.25 x 1019 m. The time step is dt" = 2 x 1011 s. To insure that all the particles simulated are magnetically confined, the 10 13-Pa thermokinetic isobar is chosen to define the Because of the E, x B,o diocotron instability, sheet beams filament into current bundles whenever a threshold determined by the length of propagation or current carried by the beam is exceeded 1261. The quantity Er is the spatially dependent electric field across the sheet width in a nonneutral beam (or in an overall neutral beam when the B x VB force produces charge separation). This phenomenon was first discussed by Alfvdn in connection with charge bundles and folds in the context of auroras [92] .
The optical synchrotron radiation, isophotes, and vortex filaments of the jet (sheet beam) in M87 are depicted in Fig. 19(a)-(c) . Fig. 19(d) shows the filamentation within the simulation sheet beam. Also shown are the magneticfield contours [2 and the B-field-polarization vectors. As shown in Fig. 19 , the LHS of the beam is tethered to the denser core, but the RHS is free to fold (within the constraints determined by the strength of the external magnetic pressure). The configuration shown is typical of sources such as M87 and 3C273 [93}- [102] . The polarization of the self-consistent magnetic field is also shown in Fig. 19 (e) and is in agreement with measured polarization data [1031- [107] . having jets [115] . The general morphology is that of a fflamented structure in emission that is connected to a core located midway between two strong radio emitting plasmas. The last three pictures are designated as "faint" jets.
when the beam has rotated some 10°-30°about the major D. Discussion axis, depending again on the "collimation" pressure of the external magnetic isobars. It is emphasized that the The tern "jet" was first used in astrophysics by Curtis sheet beam is produced between the converging isobars in 1918 to describe the elongated optical feature protrudand is inductively accelerated out of (or into) the plane of ing from the core of the elliptical galaxy M87 [108] , the figure.
[109]. Later Baade and Minkowski suggested that such a jet might actually correspond to matter ejection after some active phase of the core [110] . Jets have been mapped in about 200 radio sources. Jets are found not only in double radio galaxies and quasars, but also in central compact radio sources located in the nucleus of associated (optical) galaxies (Paper II) [11 1]- [ 113] . They are measured from the electromagnetic (synchrotron) radiation they emit, from centimeter wavelengths to X rays. However, in spite of improved resolution and statistics of observations, definitive direct evidence that ordered streaming motions are present in jets or radiosources is still missing. Moreover, uncertainty exists in identifying structures as either "jets" or "bridges" [ 1 14]. Fig. 21 shows VLA observations of radio quasars having jets (seven out of 26 quasars in a 966-MHz Jodrell Bank survey) and three quasars with faint jets [115] . The general morphology is that of a filamented structure in emission (see Section V-B) that is connected to a core (see Sections VII-A and -B) located midway between two strong radio plasma sources. These data are consistent with Fig. 16 , which indicates that the source geometry can consist of a core and channel (that may be filamented and bent) or a core with a side node. The topology mapped is dependent on the polarity of the induction field and the direction of observation.
Lastly, as indicated in Section VII-B 1, the induction field across the channel is variable, causing the preconfined plasma to brighten or fade. Fig. 22 [117] . The magnetic field is of the order B = tOI1/2-rr, where r is the radius of the filament or bunch of filaments. In circuit theory the magnetic energy of the circuit is de- where I is the current. The integral should be taken over the whole region where I produces a magnetic field. Since the circuit conducts filamentary currents, the circuit consists of a resistance, an inductance, and electrostatic double layers formed along the filaments, all fed by an EMF. The circuit equation is dI L + RI Vsource VDL (19) where E VDL is the sum of the potentials over the double layers, and R and L are the resistance and inductance of the circuit, respectively. If R is negligible (as is often the case in cosmic situa- In analogy to the rotating magnetized plasma dynamos that drive cosmic Birkeland currents of lesser dimension, a magnetized plasma with a size of the order of the largest objects observed in the universe, 10-50 Mpc, moving through 10-9-T field lines at 1000 km/s, will produce an EMF of the order of 1020 V. Using Cygnus-A-dimensioned current cross sections, 35 kpc, and the knowledge that the width/length ratio of laboratory filaments is generally in a range 10-3-10-5, a typical filament length associated with the dynamo source may be of the order of 350 Mpc.
If suddenly Vsource becomes zero, the current will continue to flow but it will decrease with the time constant T7 = LI/A V = 1014 s.
IX. CONCLUSIONS
Because of in-situ measurements of plasmas in Earth's ionosphere, cometary plasmas, and the planetary magnetospheres and recent discoveries of helical and filamentary plasma structures in the Galaxy and in extragalactic objects, our understanding of cosmic plasma has changed considerably during the last decade. In particular, Birkeland (field-aligned) currents, double layers, and fieldaligned electric fields are now known to play a far more important role in the evolution of plasma in space, including the acceleration of charged particles to high energies. Because the properties of the plasmas in space are found to differ little from those in the laboratory, the empirical knowledge gained from earth-bound experiments has suddenly found application in situations orders of magnitude greater in dimension. Kirchhoff's laws for currents in circuits appear equally valid regardless of whether the plasma has its dimensions measured in centimeters, kilometers,parsecs, kiloparsecs, or megaparsecs.
With the advent of three-dimensional electromagnetic particle-in-cell simulations, investigations of Birkeland currents, double layers, and field-aligned electric fields have become possible in plasmas not accessible to in-situ measurement, i.e., in plasmas having the dimensions of galaxies or systems of galaxies. The necessity for a threedimensional electromagnetic approach derives from the fact that the evolution of magnetized plasmas involves complex geometries, intense self-fields, nonlinearities, and explicit time dependence. Moreover, synchrotron radiation and double layers are discrete particle phenomena and cannot be studied using magnetofluid models of plasma. The importance of applying electromagnetism and plasma physics to the problem of radio galaxy, galaxy, and star formation derives from the fact that the universe is largely matter in its plasma state, i.e., a plasma universe. The motion of this plasma in local regions can lead to pinches and ultimately condense states of matter. Where double layers form in the pinches, strong electric fields can accelerate the charged particles to high energies. Simulations of the interactions between plasma pinched into filaments show: 1) a burst of synchrotron radiation of luminosity 1037 W lasting 107_108 years as the interaction begins;
2) isophotal topologies of double radio galaxies and quasars, including juxtaposed "hot spots" in the radio lobes (cross sections of the interacting Birkeland currents); 3) the formation of "dust-lane" peculiar and elliptical galaxies at the geometric center of quasars and radio galaxies (due to plasma trapped and compressed within the elliptical magnetic separatrix); 4) a spatially varying power law along the major axis of the simulated double radio galaxies in agreement with observations; 5) alternating beams of betatron pumped synchrotronemitting electrons on either side of the elliptical center. These have the morphologies (i.e., "knots" or vortices) and polarization properties of jets but are aligned in an acceleration direction toward the observer; and 6) a "superluminosity" and fading of jets as the betatron induced acceleration field sweeps over and ignites previously confined plasma. The simulation time frame of this investigation lasted some 108-109 years. The lifetime and evolution of quasars and double radio sources, the so-called end problem of double radio galaxies, is addressed in a sequel paper (Paper II) by continuing the simulation run -1-5 x 109 years farther in time. Above all, a translation of knowledge between laboratory, space, and cosmic plasma is indicated from the results outlined above.
